Observations of distant supernovae and the fluctuations in the cosmic microwave background (CMB) indicate that the expansion of the Universe may be accelerating 1 under the action of a 'cosmological constant' or some other form of 'dark energy'. This dark energy now appears to dominate the Universe and not only alters its expansion rate, but also affects the evolution of fluctuations in the density of matter, slowing down the gravitational collapse of material (into, for example, clusters of galaxies) in recent times. Additional fluctuations in the temperature of CMB photons are induced as they pass through large-scale structures 2 and these fluctuations are necessarily correlated with the distribution of relatively nearby matter 3 . Here we report the detection of correlations between recent CMB data 4 and two probes of large-scale structure: the X-ray background 5 and the distribution of radio galaxies 6 . These correlations are consistent with those predicted by dark energy, indicating that we are seeing the imprint of dark energy on the growth of structure in the Universe.
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In the standard model of the origin of structure, most of the fluctuations in the CMB were imprinted as the photons last scattered off free electrons, when the universe was just 400,000 years old (at a redshift of z < 1,100.) However, once the dark energy (or the spatial curvature 7 ) becomes important dynamically (z < 1), additional fluctuations are induced in the CMB photons by what is known as the integrated Sachs-Wolfe (ISW) effect 2 . The gravitational potentials of large, diffuse concentrations and rarefactions of matter begin to evolve, causing the energy of photons passing through them to change by an amount that depends on the depth of the potentials. The amplitude of these ISW fluctuations tends to be small compared to the fluctuations originating at the epoch of last scattering except on very large scales. However, as ISW fluctuations were created more locally, it is expected that the CMB fluctuations should be partially correlated with galaxies, which serve as tracers of the large-scale matter distribution.
Detecting the relatively weak ISW effect requires correlating the CMB with the distribution of galaxies spread over a large fraction of the observable Universe. This necessitates a survey of galaxies covering much of the sky, out to distances of many billions of light years (z < 1). Focus thus has been on luminous active galaxies, which are believed to trace the mass distribution on large scales. Although active galaxies emit at a wide range of frequencies, the most useful maps are in the hard X-rays (2-10 keV), where they dominate the X-ray sky, and in the radio, where the number counts are dominated by sources at z & 1. The full sky map of the intensity of the hard X-ray background made by the HEAO-1 satellite 5 and a map of the number density of radio sources provided by the NRAO VLA sky survey (NVSS) 6 are two of the best maps in which to look for this effect. To predict the expected level of the ISW effect in these two surveys, it is essential to know both the inherent clustering of the sources and their distribution in redshift. The former can be determined from previous studies of the X-ray and radio autocorrelation functions 8, 9 and the latter can be estimated from deep, pointed surveys 10, 11 . Previous attempts at correlating the CMB with both the HEAO-1 and the NVSS maps have yielded only upper limits 8, 9, 12 . Here we repeat these analyses using the much improved CMB maps recently provided by the WMAP satellite mission 4 . We have compared two different CMB maps generated from this data (the 'internal linear Figure 1 The X-ray background fluctuations are correlated with the microwave sky at a higher level than would be expected by chance. Here we plot the cross correlation (filled circles) between the X-ray intensity (X ) measured by HEAO-A1 and the CMB temperature fluctuations (T ) measured by WMAP. We normalize by the r.m.s. levels of the two maps (j x and j T , respectively), which makes it independent of any linear biasing of the survey. To give an idea of the level of accidental correlations, the shaded areas show the 1j and 2j regions derived from simulated, uncorrelated CMB maps with the same power spectrum as the WMAP data. The thin solid lines show the results for five such Monte Carlo simulations, and we see that the signals in neighbouring bins are highly correlated for a given realization. The signal-to-noise ratio is greatest at smaller angular separations, even though the error is amplified because fewer pairs of pixels contribute to the correlation. For v ¼ 08, 1.38 and 2.68, the Monte Carlo trials exceed the amplitude of the actual X-ray/CMB correlation only 0.3%, 0.8% and 0.3% of the time, respectively. The bold line shows theoretical predictions for the ISW effect in a cosmological-constantdominated Universe, using the best-fit WMAP model for scale-invariant fluctuations angular separations, the observed correlations appear to fall faster than predicted by theory, but the low signal-to-noise ratio makes it difficult to say whether this is a real effect.
letters to nature combination' map 13 , and the 'cleaned' map of ref . 14) with the HEAO and NVSS maps. The dominant 'noise' in the maps is due to the fluctuations in the CMB itself and is well characterized, while the instrument noise is negligible on the angular scales relevant to the present analysis. To reduce possible contamination by emission from our Milky Way Galaxy as well as from other nearby radio sources, these maps were masked with the most aggressive foreground template provided by the WMAP team 13 . The X-ray map was similarly masked and was corrected for several large-scale systematics including a linear drift of the detectors 9 . Finally, the NVSS catalogue was corrected for a systematic variation of source counts with declination 8 . The sky coverage was 68% for the CMB maps, 56% for the NVSS map, and 33% for the X-ray map. The reduced coverage of the X-ray map was the result of its low resolution (38) and a larger number of foreground sources. Significantly, however, our results do not depend on the corrections or the level of masking of the maps.
A standard measure of the correspondence of two data sets is the cross-correlation function, CCF(v). It represents the extent to which the two measures of the sky separated by an angle v are correlated. Figures 1 and 2 show the CCFs of the WMAP data with the X-ray and radio surveys. The results using the 'internal linear combination' and 'cleaned' CMB maps were entirely consistent with each other, and we plot the averages of the results for the two maps. Four hundred Monte Carlo simulations of the CMB sky were also crosscorelated with the actual X-ray and radio maps. The r.m.s. values of these trials are taken as the errors for each bin and these are highly correlated owing to the large-scale structure in the maps. For comparison, the uncertainties were also estimated from the data themselves by rotating the maps with respect to each other, and the errors determined in this way were very similar to those found using the simulated maps. The significance of the detection of the ISW effect is estimated by fitting the amplitude of the theoretical profile to the data. For the X-ray/CMB CCF, the correlations are detected at a confidence level (CL) of 99.9%, that is, a 3.0j detection. The radio/ CMB CCF is detected at a 99.4% CL, or a 2.5j detection. These confidence limits are consistent with the number of times the CCF(v) of the Monte Carlo trials exceed the values of the measured CCF(v).
The theoretical curves for the ISW effect also are shown in Figs 1 and 2, and fall off with angular separation similarly to the observed correlations. For these calculations, we have assumed that the fluctuations in matter density, dr, are traced directly by the fluctuations in the number density of the sources. That is, dN=N ¼ bdr=r where the bias factor, b, is assumed to be constant and its value is derived from the auto-correlation function of the X-ray or radio sources. The predictions assume a scale-invariant primordial spectrum and the best-fit cosmology determined from WMAP. Although the derived bias factors depend on precisely how the sources are assumed to be distributed in redshift, the expected cross-correlation is only weakly dependent on this or on the possible evolution of the bias factor with redshift. Detailed considerations for calculating the amplitude of the ISW effect can be found elsewhere 3, 12 . It is important to consider what else might be contributing to the observed correlation. Unmasked foreground sources are not a major contaminant, because the observed correlations do not change when the Galactic cuts are varied nor when the aggressiveness of the masking is changed. In fact, the amplitudes of the CCFs are essentially unchanged when no masking at all is applied to the CMB maps. Also, because the results from analysing the different hemispheres of the maps separately are consistent, it is unlikely that a small number of diffuse foreground sources is responsible for the signal. Fluctuations caused by the Sunyaev-Zeldovich effect-the scattering of CMB photons as they travel through the ionized intergalactic medium of rich clusters of galaxies-are expected to contribute at smaller angles and be anti-correlated with the matter distribution 15 . Finally, microwave emission from the radio/X-ray sources could also produce correlations, but on much smaller angular scales than the observed signal.
The correlated signal evident in the figures is large enough to have been seen in our previous analyses using a COBE satellite combination map 8, 9 , albeit with a smaller signal-to-noise ratio because of that map's significant instrument noise and low angular resolution. However, we found no evidence for a correlation in the COBE analysis. When the differences in angular resolution are taken into account, the WMAP and COBE maps are consistent given COBE's Figure 2 The distribution of radio galaxies is correlated with the microwave sky. Here we plot the correlation (filled circles) between the NVSS radio galaxy number counts (R ) and the WMAP temperature maps (T ). The other curves are as in Fig. 1 . The Monte Carlo trials exceed the amplitude of the actual radio/CMB correlation in the lowest three bins 1.2%, 1.9% and 3.4% of the time, respectively. Again, there is good agreement with the theoretical predictions, with the signal again falling off somewhat faster than predicted at larger angles. The lower amplitude compared to the X-ray result is due to the higher resolution of the radio map, which increases the radio r.m.s. (j R ) without significantly increasing the cross-correlation. The consistency of the NVSS and X-ray CCFs suggests that the signal is not the result of unknown systematics in either the X-ray or the NVSS map. It is possible that microwave emission from the radio/X-ray sources themselves could result in the positive correlation of the maps. However, extrapolations of the frequency spectra of the radio galaxies indicate that the microwave emission is much smaller than the observed signal 8 . In addition, the clustering of radio sources is on a much smaller angular scale than the apparent signals, so any such contamination would appear only at v < 08 and not at larger angles.
letters to nature large instrumental noise (,70 mK per pixel) 4 . The difference between the observed cross-correlations implies that a small part (r.m.s. < 1-2 mK) of the (COBE-WMAP) difference map is anticorrelated with the X-ray and radio maps. This is an unlikely occurrence (1 in 100) if the COBE instrument noise model is correct. There are known systematics in the COBE data 16 above this level, but the large instrument noise makes it difficult to ascertain whether this is the origin of the problem. In any case, the source of the discrepancy almost certainly lies with the COBE data, which contain much larger noise and systematic effects than the WMAP data. Thus, we believe the WMAP correlations presented here are robust. Further discussion of this and other issues are available as Supplementary Information.
The confidence levels that we quote (99.9% and 99.4%) are not primarily limited by experimental error, but by the fact that we can only observe a finite region of the Universe. We find it significant that both signals are consistent with the theoretical predictions with no free parameters. However, it should be emphasized that these two measurements are by no means independent. Both of them use the same CMB maps and, furthermore, the X-ray background is highly correlated with the NVSS radio sources 17 . If the distribution of sources of one of the maps by chance coincided with the fluctuations of the CMB, one would expect the other map also to be correlated with the CMB to some degree. The coincidence of the expected amplitudes of the two signals is encouraging but by no means definitive. On the other hand, the detection of the ISW-type signal in both CCFs gives a strong indication that they are not due to unknown systematic effects in the maps. The radio and X-ray data were gathered by quite distinct methods, and it would be surprising if unknown systematics in the two maps were correlated in any way. We will present more detailed analysis of these issues elsewhere.
We conclude that we have observed the ISW effect. If so, these observations offer the first direct glimpse into the production of CMB fluctuations, and provide important, independent confirmation of the new standard cosmological model: an accelerating universe, dominated by dark energy. It should be pointed out that measurements of the power spectrum of CMB fluctuations do not show evidence of increased power on large angular scales (v . 208) as predicted by the ISW effect, but rather indicate that there may be power missing 4 . Although this deficit is only at the 2j level, it is intriguing, and may be telling us something about the formation of the very largest structures in the Universe. The consequences of the ISW effect reported here are primarily on intermediate angular scales, and are not in direct conflict with the power deficit on larger angular scales. Finally, we note that the WMAP-NVSS results have recently been independently analysed by the WMAP team, who find a similar level of correlation 18 . A 
